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自 1944 年布伦纳和里迪尔发明化学镀镍技术以来 化学镀镍已广泛应用于
电子 机械 航天等工业领域 近年来 化学镀 Ni(HP)及 NiCuP 合金因具有优
异的耐蚀性和突出的磁性能引起人们的广泛关注 本文通过大量实验开发出了性
能良好的以柠檬酸为主 酒石酸 丙二酸 苹果酸等为辅的多配位体酸性高磷化
学镀镍工艺 以及以柠檬酸钠为络合剂的碱性化学镀 NiCuP 工艺 较好地解决
了化学镀 Ni(HP)合金镀液的稳定性和沉积速度问题 并在此基础上应用电化学
方法及扫描电镜 透射电镜 原子力显微镜 X 射线光电子能谱 X 射线衍射
差热分析等现代表征技术对镀层的结构 晶化行为 耐蚀性及腐蚀机理进行了深
入研究 对化学镀镍机理涉及的关键问题即 H2PO2-的氧化也进行了深入探讨
建立了酸性条件下 H2PO2-在 Ni电极上氧化的反应模型 首次采用电化学现场红
外反射光谱研究 H2PO2-在 Pt 电极上的氧化行为 取得了一些有意义的结果 本
论文的主要结果摘要如下  
 
1 化学镀 Ni(HP)及 NiCuP 合金的沉积条件及其影响 
在大量实验的基础上确定了以柠檬酸为主配位体的酸性高磷化学镀镍工艺
硫酸镍 26g/L 次亚磷酸钠 32g/L 乙酸钠 18g/L 柠檬酸 16g/L 酒石酸 6g/L
丙二酸 6g/L 苹果酸 8g/L 马来酸 0.04g/L 碘酸钾 0.006g/L pH 值 4.7 温度
90 在该工艺条件下沉积的镀层外观光亮 磷含量为 12.6wt% 沉积速度为
12.3mg/cm2⋅h  
以柠檬酸钠为配位体的碱性化学镀 NiCuP 工艺为 硫酸镍 28g/L 次亚磷酸
钠 28g/L 柠檬酸钠 60g/L 乙酸铵 40g/L 硫酸铜 0~0.6g/L 稳定剂 0.005g/L
pH 值 8.5 温度 90 在该工艺条件下可获得 Cu 含量为 0~12 wt.%的 NiCuP 合
金  
硫脲 Pb2+ Cd2+ IO3-及马来酸等对 Ni(HP)合金化学镀溶液能起明显的稳
定作用 Pb2+ Cd2+和硫脲对镀层耐蚀性有显著的不利影响 但适量的 Pb2+ Cd2+














化学镀 Ni(HP)合金溶液在循环使用过程中稳定性好 能连续使用 8 个周期
不分解 连续使用 5 周期后沉积速度仍能保持 7~10 mg/cm2 ⋅h 随着循环次数增
加 镀层磷含量增加而耐蚀性下降 但幅度均不大  
在化学镀 NiCuP 合金过程中 Cu 优先沉积并使 P 和 Ni 的析出受到抑制
镀液 pH 值低不但能使镀层晶粒细化 还有利于提高镀层 Cu 含量 少量 Cu 的共
沉积能起到细化 NiP 镀层晶粒的作用  
化学镀 Ni(HP)及 NiCuP 合金沉积过程的表观活化能分别为 73.8kJ/mol 和
83.3kJ/mol  
 
2 化学镀 Ni(HP)及 NiCuP 合金的组织结构及晶化行为 
化学镀 Ni(HP)合金镀态时为非晶态 并具有胞状结构特征 低 Cu 含量的
NiCuP 合金镀态结构与 Ni(HP)合金相似 随着 Cu 含量增加 NiCuP 合金结构逐
渐向晶态转变 并表现出椭球形层状结构  
化学镀 Ni(HP)合金表现出与 Ni(MP)合金不同的晶化行为 其晶化过程分为
两个不同阶段 即首先在 340~380 之间由非晶态转变为亚稳相 Ni5P2 化合物
然后在 440~490 之间进一步转变为平衡相 Ni 和 Ni3P 两个晶化反应的活化能
分别为 184.3kJ/mol 和 169.5kJ/mol Ni(HP)合金在 450 热处理 1 小时即晶化完
全 进一步增加热处理时间导致镀层晶粒粗化  
Cu 的化学共沉积能明显改善 NiP 合金的热稳定性 镀层 Cu 含量越高 非
磁稳定性越好 NiCuP 合金的晶化首先是 Ni-Cu 固溶体的形成或粗化以及 Ni5P2
亚稳相的生成 然后形成最终的平衡相 Ni3P 化合物 晶化过程中无 Cu-P 化合物
生成 Ni-4.5Cu-7.5P 合金两个晶化反应的活化能分别为 221.7kJ/mol 和
193.2kJ/mol  
热处理能显著提高 Ni(HP)及 NiCuP 合金的硬度 原因是晶化过程中有硬化
相 Ni3P 生成 高温热处理导致硬度反而降低是由于 Ni和 Ni3P 混合组织的粗化
NiCuP 合金中的 Cu 含量越高 镀态硬度越低 其晶化的速度越慢  
 
3 化学镀 Ni(HP)及 NiCuP 合金的耐蚀性及机理 













有很好的耐蚀性 而且明显优于中磷镀层 在 3.5wt% NaCl溶液中的腐蚀速度随
溶液的 pH 值降低而增加 镀层 400 热处理后的耐蚀性明显降低  
化学镀 Ni(HP)合金在 35wt.%NaOH 溶液中表现出明显的钝化行为 其阻抗
特征与 Ni(MP)及 Ni(LP)合金相似 但 Ni(HP)合金比 Ni(MP)和 Ni(LP)合金具有更
高的极化电阻 Rp AFM 观察发现 Ni(HP)合金 EIS 测试后表面仍保持平整 而
Ni(LP)合金表面腐蚀明显 XPS研究表明 在腐蚀电位下进行EIS测试后的Ni(HP)
合金表面有 H2PO2-存在 但在钝化电位下测试后的主要产物为 Ni(OH)2 无 NiO
膜生成 Ni(HP)合金在 NaOH 溶液中表现出钝化行为是由于表面形成了 Ni(OH)2
膜的缘故  
在 3.5wt% NaCl溶液中 Ni(HP)合金同样表现出钝化行为 pH 值高时更明
显 极化测试后表面无明显点蚀 在开路电位条件下 Ni(HP)合金的腐蚀行为与
Ni(LP)合金相似 但在阳极极化条件下 Ni(HP)合金表现出钝化行为 而 Ni(LP)
合金却表现为活性溶解 XPS 研究表明 Ni(HP)合金在 NaCl溶液中阻抗测试后
的表面有 H2PO2-形成  
Ni(HP)合金在 H2SO4 溶液中发生明显钝化 但在 HCl 溶液中却表现出高的
溶解电流 无钝化趋势 镀层热处理后在两种介质中的耐蚀性均明显降低  
 
4 次亚磷酸根在 Ni 和 Pt 电极上的电氧化行为 
    Ni电极在碱性介质中的开路电位变化表明 Ni电极表面由于氧化膜的存在而
对 H2PO2-的氧化表现出明显的非催化活性 要使 H2PO2-在 Ni 电极上发生氧化
需在较负的电位下预先极化一定时间以使氧化膜还原  
在碱性介质中 H2PO2-通过两个 H 原子吸附在 Ni电极表面 其吸附覆盖度
随电位负移而增加 原因是 Ni 电极表面的氧化物因电位负移逐渐减少的缘故
实验中未能检测到 HPO2ads-等活性中间物 H2PO2-氧化的最终产物为 HPO32-  
在酸性溶液中 H2PO2-在 Pt 电极上的电氧化发生在 0.4~1.2V(vs.SCE) 在碱
性条件下 H2PO2-能使氢在 Pt 电极上的吸脱附受到抑制 使氧吸附发生在更正
的电位 常温下 H2PO2-并不发生氧化 而 85 时 H2PO2-的电氧化明显  
红外实验表明 酸性条件下 H2PO2-也会在 Pt 电极表面发生吸附 但溶液中
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Ever since its discovery in 1944 by Brenner and Riddle, electroless, or 
autocatalytic, nickel plating has been widely used in electronics, machinery, aerospace, 
and other industries. Recently, special attention has been focused on the electroless 
nickel-high phosphorus(Ni(HP)) and nickel-copper-phosphorus (NiCuP) alloys due to 
their excellent corrosion resistance and magnetic characteristics. In this dissertation, a 
new acidic Ni(HP) plating bath with higher deposition rate and good stability has 
been successfully developed, using citric acid as primary complexing agent, and 
tartaric acid, malonic acid and malic acid as secondary complexants. A new alkaline 
electroless NiCuP bath using sodium citrate as complexant has also been investigated. 
The microstructure, crystallization behavior, corrosion resistance and its mechanism, 
of the resulting Ni(HP) and NiCuP deposits, have been extensively studied by various 
electrochemical methods and modern surface analytical techniques, such as 
potentiodynamic polarization, electrochemical impedance spectroscopy(EIS), 
scanning electron microscopy (SEM), transmission electron microscopy(TEM), X-ray 
diffraction (XRD), differential scanning calorimetry(DSC), X-ray photoelectron 
spectroscopy(XPS) and atomic force microscopy(AFM), etc. The electrochemical 
oxidation behavior of hypophosphite, which is most important for understanding the 
mechanism of electroless nickel plating, has been investigated in detail as well. An 
overall reaction mechanism of hypophosphite oxidation involving hypophosphite 
adsorption and cleavage of P-H bond of H2PO2- ions on nickel electrode in alkaline 
medium has been presented. For the first time we used in situ FTIR spectroscopy to 
study the oxidation of hypophosphite on platinum, and have obtained some interesting 
results. Main results in this dissertation are summarized in four parts as follows: 
 
1. Deposition conditions for electroless Ni(HP) and NiCuP alloys, 
and their influence on structure and property of the deposits 
 
Based upon numerous experiments, we have successfully developed an acidic 
Ni(HP) plating process using citric acid as primary complexing agent. The bath 
consisted of nickel sulfate(26g/L), sodium hypophosphite(32g/L), sodium acetate 
(18g/L), citric acid (16g/L), tartaric acid (6g/L), malonic acid (6g/L), malic acid 
(8g/L), maleic acid(0.04g/L) and potassium iodate(0.006g/L). The deposition was 
conducted at 90  and pH 4.7. From the bath, the deposits with good appearance and 
12.6wt% P can be obtained and the deposition rate was 12.3mg/cm2⋅h. 
The alkaline electroless NiCuP bath investigated in this dissertation was 













(60g/L), ammonium acetate(40g/L), cupric sulfate(0~0.6g/L) and stabilizer 
(0.005g/L). The pH value of the solution was controlled at 8.5 and temperature at 90
, and the NiCuP alloys with 0~12wt% Cu were deposited. 
Our results indicated that the additives such as thiourea, Pb2+, Cd2+, IO3- and 
maleic acid can exert effective stabilization on the electroless Ni(HP) bath. It was also 
found that Pb2+, Cd2+ and thiourea in the solution had detrimental effect on the 
corrosion resistance of the deposits, but the addition of suitable quantity of Pb2+ and 
Cd2+ into the bath resulted in better deposit appearance. The corrosion resistance of 
the deposits can be improved by maleic acid when its concentration was lower than 40 
ppm, and the overall properties of the bath was improved when maleic acid and IO3- 
were simultaneously added into the bath. 
The results showed that the electroless Ni(HP) solution possessed good stability 
and could be used for over 8 turnovers without decomposition. The deposition rate 
could maintain 7~10 mg/cm2 ⋅h after 5 cycles. The phosphorus content of the deposits 
slightly increased with bath aging but the corrosion resistance showed opposite 
change.  
Copper preferentially deposited during NiCuP deposition, and subsequently 
suppressed the reduction of the phosphorus and nickel. The lower pH value could 
make the crystal grains of the deposits smaller, and also increased the Cu content of 
the deposit. The codeposition of a small amount of Cu will result in smaller crystal 
grains as well. The apparent activation energies for the electroless Ni(HP) and NiCuP 
deposition were estimated to be 73.8 kJ/mol and 83.3kJ/mol, respectively.  
 
2. Microstructure and crystallization behavior of the electroless 
Ni(HP) and NiCuP deposits 
 
The as-plated Ni(HP) deposits exhibited amorphous structure with a 
rounded-mound morphology. The as-plated NiCuP deposits with low Cu content 
showed the same structure as Ni(HP) alloy, and gradually transformed into 
microcrystalline and ellipsoid-type morphology with increasing of Cu content in the 
deposits.  
Compared with electroless Ni(MP) alloy, the Ni(HP) deposit revealed different 
crystallization behavior, which involved two stages. It firstly crystallized into 
metastable phase Ni5P2 crystallite between 340 and 380 , and subsequently 
transformed into stable phase of Ni and Ni3P between 440 and 490 . The activation 
energies of these two transformation reactions were determined to be 184.3kJ/mol and 













was annealed at 450  for 1 h, and further increasing annealing time resulted in 
coarsening of crystallites. No other metastable phases such as Ni5P2 and Ni7P3 were 
detected during heating of the Ni(HP) deposits, and this observation was not in 
agreement with the earlier reports, indicating the crystallization behavior of Ni(HP) 
deposits might probably be associated with specific bath chemistry.  
We also found that the codeposition of Cu with NiP can lead to a great 
enhancement of thermal stability, and the crystallization temperature of the NiCuP 
deposits increased with increasing of its Cu content. The results showed that the 
amorphous NiCuP alloys firstly transformed into Ni-Cu alloy and Ni5P2 compound 
during heating, and then crystallized into Ni3P. Cu compounds, such as Cu3P phase, 
were not found in all the NiCuP samples during crystallization. For the Ni-4.5Cu-7.5P 
alloy, the activation energy of crystallization of Ni-Cu alloy plus formation of Ni5P2 
was 221.7kJ/mol and that of formation of Ni3P from the reaction between Ni5P2 and 
Ni was 193.2kJ/mol. 
The results showed heat-treatment resulted in great increase in hardness of the 
Ni(HP) and NiCuP deposits, which was mainly due to the precipitation of Ni3P phase. 
The decrease in hardness following the attainment of maximum hardness was 
probably owing to coarsening of the Ni3P and nickel particles. The higher Cu content 
in the as-plated NiCuP deposits, the lower the hardness and the slower the 
crystallization transformation. 
 
3. Corrosion resis tance and its mechanism of the electroless 
Ni(HP) and NiCuP alloys 
 
    The results of immersion tests showed that both electroless Ni(HP) and NiCuP 
deposits exhibited excellent corrosion resistance in some organic acids such as acetic 
acid, lactic acid and citric acid, which was superior to that of Ni(MP) in the same 
environment. The corrosion rate in 3.5wt% NaCl increased with decreasing pH value 
of the solution, and annealing at 400  for 1 h resulted in significant degradation of 
corrosion resistance as well. 
    The passivation behavior of the electroless Ni(HP) alloys were observed in 
35wt% NaOH solution. In alkaline solution, the characteristics of the impedance 
spectra of Ni(HP) deposits were similar to those observed from the Ni(MP) and Ni(LP) 
deposits, but the polarization resistance Rp of Ni(HP) alloy at both corrosion potential 
and passive potential was much higher than that of Ni(MP) and Ni(LP) deposits. The 
AFM observation showed that the surface of the Ni(HP) alloy after EIS measurements 













surface of the Ni(LP) deposits in the same condition. XPS analysis data suggested that 
H2PO2- anions were formed on the surface of Ni(HP) alloys after EIS measurements 
in NaOH solution at corrosion potential. At passive potential, however, Ni(OH)2 was 
the primary constituent formed on the surface, and no signals of NiO were detected. 
Thus the passivation behavior of the Ni(HP) alloys in NaOH solution was attributed 
to the formation of Ni(OH)2 layer on the surface of the deposits. 
The Ni(HP) deposits also revealed passivation behavior in 3.5wt% NaCl solution. 
This behavior became more evident when the pH value was high, and no pitting was 
observed on the surface of the deposit after anodic polarization. The results showed 
that, under open circuit conditions, the corrosion behavior of the Ni(HP) alloy in 
3.5wt% NaCl solution was similar to that of Ni(LP) alloy. When exposed to anodic 
polarization, the Ni(HP) alloy exhibited passivation behavior, which was different 
from the active dissolution of the Ni(LP) alloy. The XPS results also revealed the 
existence of H2PO2- anions on the surface of Ni(HP) deposits after EIS measurements 
in NaCl solution. 
The anodic polarization of Ni(HP) alloy in 0.5mol/L H2SO4 solution gave rise to 
evident passivation behavior, which was not observed in 1mol/L HCl solution. The 
anodic polarization curve in HCl was active throughout the anodic region, showing 
high dissolution current and no tendency to passivate. Our results also showed that 
heat-treatment can lead to degradation of corrosion resistance of the Ni(HP) deposits 
in both H2SO4 and HCl solution.  
 
4. Electrochemical oxidation of hypophosphite anions on nickel 
and platinum electrodes  
 
   The open circuit potential evolution of a nickel electrode in alkaline 
hypophosphite solution suggested the existence of a surface oxide/hydroxide film on 
the nickel surface, which prevented the hypophosphite anions from auto-oxidizing 
spontaneously in the alkaline medium. Despite this apparent non-autocatalytic 
behavior, the catalytic oxidation of hypophosphite on nickel electrode could be 
observed after suitable polarization at a rather negative potential.  
The results of in situ FTIR spectroscopy study yielded evidence for the 
hypophosphite adsorption via two hydrogen atoms on nickel electrode in the alkaline 
medium. The adsorption coverage of hypophosphite ions increased as the potential 
became more negative. This effect was attributed to the increase of sites for adsorbed 
hypophosphite ions as the surface hydroxide was reduced. No intermediates for the 













interferograms, and the non-adsorbed HPO32- was the only oxidation product formed. 
The electrochemical oxidation of hypophosphite anion on Pt electrode has also 
been studied by cyclic voltammetty and in situ FTIR spectroscopy. In acidic solution, 
the voltammograms showed that electrooxidation of hypophosphite on Pt electrode 
occurred in the potential range of 0.4~1.2V(vs.SCE). In alkaline solution, however, 
the presence of NaH2PO2 partially inhibited the H-adatom voltammogram and 
apparently displaced the O-electroadsorption to higher potentials, but no oxidation of 
H2PO2- itself can be seen at room temperature though it became more evident at 85 . 
Moreover, the FTIR study confirmed adsorption of the H2PO2- anions on Pt electrode 
in acidic solution. PO43- ions, which were not detected in acidic medium, formed in 
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进行 故亦称自催化镀镍  
    早在 1844 年 Wurtz[1]就发现金属镍可以从镍盐水溶液中被次亚磷酸盐还原
而沉积出来 此后不少研究者[2~5]对这个反应进行过较广泛的研究 但大多数情
况下获得黑色粉末状金属[6] Roux[7]和 Breteau[8]在 1915 年获得了光亮的镀层
但镀液很快自发分解 无法得到实际应用 现在所说的化学镀镍是 1944 年由美
国国家标准局的 Brenner 和 Riddel 提出的[9~10] 他们在研究高温电沉积 Ni-W 合
金的过程中 发现镀层存在很大应力 并将其归因于镀液中存在柠檬酸的氧化产
物 于是向镀液中加入各种还原剂 当加入次亚磷酸盐以后 发现电流效率高达
130%的异常现象 他们认为在电镀的同时还发生了某种化学反应 即存在次亚
磷酸盐对镍盐的还原作用 而这种还原反应要在镍本身作为催化剂的条件下才能
发生 以后他们又对此进行了深入研究 并于 1946 年获得了这种镀镍方法的专
利  
化学镀镍的工业应用比实验室研究晚了近十年 第二次世界大战后 美国通
用运输公司 GATC 的 Gutzeit 在 Brenner 和 Riddel 的工作基础上 对化学镀镍
溶液的组成和工艺进行了系统的研究 进一步解决了镀液稳定性 沉积速度和寿
命等问题 并对化学镀镍的许多基本理论问题进行了探讨 奠定了化学镀镍工业
化应用的科学基础 20 世纪 50~60 年代一系列专利公诸于众[11~14] 1955 年 GATC
建成世界上第一条化学镀镍生产线 并将商品化的 Kanigen 工艺应用于镀覆
运载浓氢氧化钠溶液的槽车内壁[15~17] 此后 化学镀镍技术得到迅速发展  
    50 年代末至 80 年代初化学镀镍新技术不断涌现 其中最具代表性的是以次
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